Designing Static CMOS
Logic Circuits
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Static CMOS Circuits

At every point in time (except during the switching
transients) each gate output is connected to either
Vpp or V. via a low-resistive path.

The outputs of the gates assume at all times the value
of the Boolean function, implemented by the circuit
(ignoring, once again, the transient effects during
switching periods).
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Static Complementary CMOS

PMOS only

VDD
IN1 —
In2 =1 PUN
InN
IN1 —
In2 - PDN
INN —

F(In1,In2,...InN)

NMOS only

PUN and PDN are logically dual logic networks
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NMOS Transistors
in Series/Parallel Connection

Transistors can be thought as a switch controlled by its gate signal

NMOS switch closes when switch control input is high

A B
i i
X &4 LJ L vy Y=XifAand B
A
1
X v Y=XifAORB
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PMOS Transistors
in Series/Parallel Connection

PMOS switch closes when switch control input is low

A B

44

X T LT L yv Y=XifAANDB=A+B
A

4

XY Y=XifA ORB = AB
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Threshold Drops
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Complementary CMOS Logic Style

* PUP is the DUAL of PDN

(can be shown using DeMorgan’s Theorem’s)

A+B = 4
_|_

wyl

A

I
i |
wyl

* The complementary gate is inverting

1D =)

AND = NAND + INV
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Example Gate: NAND

Voo
A B Out A °-0| B =-C|
0 0 1
0 1 1 [ OUT=AsB
1 0 1 A o
1 1 0 ]
Truth Table of a2 input NAND —
gate B o—
1

PDN:G=AB = Conduction to GND

PUN:F=A+B =AB = Conduction to V[,

GUny,Iny, Ing, ...) = F(Iny,Iny, Ing, ...)
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Example Gate: NOR

|

- | o ||
[—]

1
Truth Table of a 2 input NOR. gate
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OUT = A+B
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Complex CMOS Gate

B—
A
C—
D—
OUT=D+A+(B+C)
A
D
B—| C—
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Constructing a Complex Gate

4J Logic Dual need not be Series/Parallel Dual

4 In general, many logical dual exist, need to
choose one with best characteristics

d Use Karnaugh-Map to find good duals

" Goal: find O-cover and 1-cover with best parasitic
or layout properties

" Maximize connections to power/ground
" Place critical transistors closest to output node
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Example: Carry Gate

c |cC
AB [0 |0
AB' |0 J[\
-
AB |0 U

© Forrest Brewer and © Digital Integrated Circuits™

d F = (ab+bc+ac)’
Q Carry ‘c’ is critical
Q Factor ¢ out:

Q F=(ab+c(a+h))’

4 O-cover is n-pd

4 1-cover is p-pu
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Example: Carry Gate (2)

J Pull Down Is easy

2 Order by maximizing
connections to
ground and critical
transistors

2 For pull up — Might
guess series dual—
would guess wrong
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Example: Carry Gate (3)

J Series/Parallel Dual
4 3-series transistors
d 2 connections to Vdd
4 7 floating capacitors
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Example: Carry Gate (4)
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2 Pull Up from 1 cover
of Kmap

" Getab'+a'c’+b’c’

" Factor ¢’ out
d 3 connections to Vdd
d 2 series transistors
Q Co-Euler path layout

d Moral: Use Kmap!
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Cell Design

4 Standard Cells

" General purpose logic
" Can be synthesized
" Same height, varying width
d Datapath Cells
" For regular, structured designs (arithmetic)
" Includes some wiring in the cell
" Fixed height and width
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Standard Cell Layout Methodology
= 1980s

Routing
channel

signals |
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Standard Cell Layout Methodology
= 1990s

Mirrored Cell

No Routing
channels
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Standard Cells

N Well

™~

)

GND
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lcell height 12 metal tracks

Metal track is approx. 3A + 3A
Pitch =

repetitive distance between objects

Cell height is “12 pitch”

I Rails ~10A

4
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Standard Cells

Vop With silicided
diffusion

With minimal
diffusion
routing
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Standard Cells
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2-input NAND gate

DD

o™

L 2

T TT

o>

.|==.
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Stick Diagrams

Contains no dimensions
Represents relative positions of transistors

V, V,
Inverter > l_ > J(_')E:J‘

NAND2

Out Out

I B

GND GND
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Stick Diagrams

Logic Graph
A 9 ph o X PUN
J — C

B — C

— X=C+(A+B) X g Voo

c—l

| j

A —B -
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Two Versions of C « (A + B)

GND
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Consistent Euler Path
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OAl22 Logic Graph

A—

B—

A
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— ¢ X PUN
— D D C
— X = (A+B)+(C+D) X Voo
— D
B PDN

A GND
T B
= C Jo—
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Example: x = ab+cd

ici stick diairam for orderini ia bcd i
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Properties of Complementary CMOS
Gates Snapshot

High noise margins:
Vo and V,; are at V) and GND, respectively.

No static power consumption:
There never exists a direct path between V,, and
Vss (GND) in steady-state mode.

Comparable rise and fall times:
(under appropriate sizing conditions)
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CMOS Properties

3 Full rail-to-rail swing; high noise margins
4J Logic levels not dependent upon the relative
device sizes; ratioless

9 Always a path to Vdd or Gnd in steady state;
low output impedance

Q Extremely high input resistance; nearly zero
steady-state input current

J No direct path steady state between power
and ground; no static power dissipation
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Switch Delay Model
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Input Pattern Effects on Delay

Q Delay is dependent on

T T .
§ ; the pattern of inputs
1’ Q Low to high transition
L1 " both inputs go low
R§ LcC — delay is 0.69 R /2 C,

B\r " one input goes low
R é___ — delay is 0.69 R C,
A = Cin 4 High to low transition
L " both inputs go high

— delay is 0.69 2R C,
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Delay Dependence on Input Patterns

3

Input Data Delay
2.5 Pattern (psec)

5. A=B=0 -1 67

A=1 -0, B=1

E 15 - A=1,B=0-1 64

% 1 1,B=1-0 A=0-1,B=1 61

§ 05 | A=B=1_0 45

0 , | A=1, B=1-0 80

05 ? 100 200 300 4?0 A=1-0, B=1 81

time [ps] NMOS = 0.5um/0.25 um
C_ =100 fF
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Transistor Sizing

r ix T
2 T\T l?\T 2 4 E\r_
Re LG 4_§Rpf_:c:t
2 p A
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Multi-Fingered Transistors

One finger Two fingers (folded)

Less diffusion capacitance

X
X
X
X
X
X
X
X
X
X
X

KXNXNXNXXNXXX X KX
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Transistor Sizing a Complex
CMOS Gate

B—| 86
A—]| 43
C—l86
D[4 6
OUT=D+A+(B+C)
A—| 2
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Fan-In Considerations

A—| B—| C- >Oi

D
AL L C. Distributed RC model
B — ics (Elmore delay)
C 1
B fcz t . = 0.69 R (C,+2C,+3C,+4C))
D Lc,
— Propagation delay deteriorates
rapidly as a function of fan-in —
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t, as a Function of Fan-in

guadratic

Gates with a
fan-in
greater than
4 should be
avoided.

linear
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t, as a Function of Fan-Out

All gates
t,NOR2, 7 t NAND2 have the

p
same drive
t current.

t, (psec)

Slope is a
function of
“driving
strength”

2 4 6 8 10 12 14 16

iff. fin-ﬁﬁi
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t, as a runcuon or ran-in and ran-
Out

d Fan-in: guadratic due to increasing
resistance and capacitance

d Fan-out: each additional fan-out gate
adds two gate capacitances to C,
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Practical Optimization

2 The previous arguments regarding tp raise the
guestion — why build nor at all?

" Criticality is not a path— but a transition so it is usually only
on rising or falling (but not both)

" NOR forms have bad pull-up but good pull down
" NAND forms have bad pull-down but good pull up

" Determine the critical transition(s) and design for them—
using EImore or Simulation on the appropriate edge only!

" Logical Effort presupposes uniform rise and fall times, so
good in general, but can be beat

Q Static Timing Analyzers nearly always get this wrong!
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Fast Complex Gates:
Design Technique 1

4 Transistor sizing
" as long as fan-out capacitance dominates

Hd Progressive sizing

In, _| L Distributed RC line

M1>M2>M3>...>MN
— (the fet closest to the

In, —m3 = C, output is the smallest)

L
In; = MZ_I C, Can reduce delay by more than
. v — 20%; decreasing gains as
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Fast Complex Gates:
Design Technique 2

Hd Transistor ordering

critical path critical path
/-> /'/_'
In, s —_I—cc{larged _/-—rﬁflj"M?) § Icfzharged
L
In, L[> L C,charged In, - M2 L C,discharged
— in, Uy T e discharged
- |81 -l T c,charged n; M1 L c,discharge
delay determined by time to delay determined by time to

- discharge G, C;andC, — dischargeC,
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Fast Complex Gates:
Design Technique 3

d Alternative logic structures

F = ABCDEFGH — : [

D= B
D
:}TD%
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Fast Complex Gates:
Design Technique 4

4 [solating fan-in from fan-out using buffer

Insertion

P

L C

)

© Forrest Brewer and © Digital Integrated Circuits?"

Combinational Circuits



Fast Complex Gates:
Design Technique 5

J Reducing the voltage swing
Lo = 0.69 (3/4 (C_. Vo) lpsarn)

- 069 (3/4 (CLVSWing)/ IDSATn)
" linear reduction in delay
" also reduces power consumption

J But the following gate may be much slower!

4 Large fan-in/fan-out requires use of “sense
amplifiers” to restore the signal (memory)
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Sizing Logic Paths for Speed

Q Frequently, input capacitance of a logic path is
constrained

4 Logic also has to drive some capacitance

Q Example: ALU load in an Intel’s
microprocessor is 0.5pF

2 How do we size the ALU datapath to achieve
maximum speed?

J We have already solved this for the inverter
chain — can we generalize it for any type of

Iogic?
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Buffer Example

N E E E Out
1 2 N

N CL

N
Delay = Zl (Pi +g, Efi) (inunits of T, )

For given N: C,,/C. = CJ/C_,

+1

Tofind N: C,,,/C. ~ 4

+1

How to generalize this to any logic path?
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Logical Effort

Delay — k I:Ruthumt%‘ KC;L E

=1(p+g )
p — intrinsic delay (3kR
g — logical effort (kR
f — effective fanout

niCunY) - gate parameter # f(W)
+Cuni) — 0ate parameter # f(W)

Normalize everything to an inverter:
ginv :1’ pinv = 1

Divide everythlng by T,

nv

' ‘ inv.
© Fdﬁ’&%’gw& an\é ©:Di<j]ital Integrated Circuits?
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Delay in a Logic Gate

Gate delay:

d=h+€
/
effort delay Intrinsic delay

Effort delay:
h=gf

N\

logical effective fanout =
effort COU,I C..
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Logical Effort

3 Inverter has the smallest logical effort and
intrinsic delay of all static CMOS gates

3 Logical effort of a gate presents the ratio of its
Input capacitance to the inverter capacitance
when sized to deliver the same current

3 Logical effort increases with the gate
complexity
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Logical Effort

Logical effort is the ratio of input capacitance of a gate to the input

capacitance of an inverter with the same output current
Von Von Vo

Ao—] | 2 Ao—q |2 Bo—|]| 2 B—|| 4

Ao 1 1 °F

Inverter 2-nput NAND 2-input NOR

© Forrest Brewer and © Digital Integrated Circuits?" Combinational Circuits



Logical Effort of Gates

S g= t pNAND

|0

-
F(Fan-in)— |

1 2 3 4 5 6 7
Fan-out (h)
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Logical Effort of Gates

s | t pNAND

> T g=4/3

> tP= 2

S | d=(4/3)h+2

N g=1

'© p=1

% d=h+17

zZ .
F(Fan-in)— |

1 2 3 4 5 6 7
Fan-out (h)
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Add Branching Effort

Branching effort:

Con- path + Coff — path

b=
Con- path

Do o
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Multistage Networks

N
Delay = Z(pi T4, Eﬁ)
=T

Stage effort: h, = gf.
Path electrical effort: F=C_ /C.
Path logical effort: G = g,9,...9,
Branching effort: B = b,b,...b,

Path effort: H = GFB
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Optimum Effort per Stage

When each stage bears the same effort:
h" =H

h=YH

Stage efforts: g.f, = g.f, = ... =g,fy
Effective fanout of each stage: f, =h/g.

Minimum path delay

D= (gifi+pi):NH1/N+P
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Optimal Number of Stages

For a given load,
and given input capacitance of the first gate
Find optimal number of stages and optimal sizing

D - NHl/N + Npinv

g_ﬁ — _Hl/N ln(Hl/N)_I_Hl/N +pinv :0

Substitute ‘best stage effort  h=H""
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~

Logical Elrort

Number of Inputs

Gate Type 1 2 3 n
Inverter 1
NAND 4/3 5/3 (n + 2)/3
NOR 5/3 7/3 2n+ 1)/3
Multiplexer 2 2 2
XOR 4 12

From Sutherland, Sproull

© Forrest Brewer and © Digital Integrated Circuits2 Combinational Circuits



Method of Logical Effort

Jd Compute the path effort: F = GBH
A Find the best number of stages N ~ log,F

9 Compute the stage effort f = FU/N

Q Sketch the path with this number of stages

Q Work either from either end, find sizes:
C.=C,>glf

out

Reference: Sutherland, Sproull, Harris, “Logical Effort, Morgan-Kaufmann 1999.
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Example: Optimize Path

_[>°_:5

g=1 g =5/3 g=5/3 g=1
f=a f=bla f=clb f=5Ic

Effective fanout, F =
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Example: Optimize Path

‘[>°_:5

g=1 ¢g=53 g=5B3 g=1 =
f=a f=bla f=clb f=5lc

Effective fanout, F =5

G = 25/9

H=125/9 =13.9

h=1.93

a=1.93

b = halg, = 2.23

> = hblg, = 5g,/f = 2.58
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Example: Optimize Path

—[>°_:5

g, =1 9,=5/3 ¢,=53 9,1 =
Effective fanout, H =5

G = 25/9

F=125/9=13.9

f=1.93

a=1.93

b =falg, =2.23

.-
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Example - S-input AND

g=10/3 g=l =2 g=53 3=4i3 g=5/3 g=4/3 g=1
(a) (b) ©

© Forrest Brewer and © Digital Integrated Circuits?™ G K i



Summary

Table 4: Key Definitions of Logical Effort

Term Stage expression Path expression
Logical effort g (seeTable 1) | G = Hg
/
Electrical effort
h = Cout H = Cout (path)
Cfn cr’n (path)
Branching effort | n/a - H
Effort f=gh F = GBH
Effort delay f -
Dp=>f
Number of stages || 1 N
Parasitic dela
Y | p(seeTable2) |p = z p;
Delay = =
d=f+p |D=D+P
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Homework 5

1. Using the Carry cell design from earlier homework, optimally size the
carry propagate chain for a 16-bit adder to minimize worst case
delay where Cin is driven by a 1u/0.6u inverter and Cout drives a
fanout of 4 such loads. (use logic effort, show your work!)

2. For the problems below, use parameters from class for 0.5um and
use 2x voltages as applicable. Chap 5: problems: 4, 7, 8, 15

3. Chap 6, problems: 2, 4,5, 7

4, Design the parity tree: ¢ = a xor b xor ¢ xor d in Complementary
Pass Transistor Logic, insert inverters to restore the output swing —
Given input drive from an inverter stage, and an inverter every 2
stages of logic, and inverter output restore, estimate the propagation
time for devices using the AMI 0.5um model.

New (digital) AMI model (for minimum length only!):
n-channel: V;=0.77, A=0.03, V_,=1.56V, k=32pA/V?

p-channel: V;=-0.95, A=0.03 V_,=2.8V, k=-16pA/V?
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